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Abstract
Urban environments expose species to contrasting selection pressures relative 
to rural areas due to altered microclimatic conditions, habitat fragmentation, and 
changes in species interactions. To improve our understanding on how urbanization 
impacts selection through biotic interactions, we assessed differences in plant de-
fense and tolerance, dispersal, and flowering phenology of a common plant species 
(Taraxacum officinale) along an urbanization gradient and their reaction norms in re-
sponse to a biotic stressor (i.e., herbivory). We raised plants from 45 lines collected 
along an urbanization gradient under common garden conditions and assessed the 
impact of herbivory on plant growth (i.e., aboveground biomass), dispersal capacity 
(i.e., seed morphology), and plant phenology (i.e., early seed production) by exposing 
half of our plants to two events of herbivory (i.e., grazing by locusts). Independent 
from their genetic background, all plants consistently increased their resistance to 
herbivores by which the second exposure to locusts resulted in lower levels of dam-
age suffered. Herbivory had consistent effects on seed pappus length, with seeds 
showing a longer pappus (and, hence, increased dispersal capacities) regardless of 
urbanization level. Aboveground plant biomass was neither affected by urbanization 
nor herbivore presence. In contrast to consistent responses in plant defenses and 
pappus length, plant fitness did vary between lines. Urban lines had a reduced early 
seed production following herbivory while rural and suburban lines did not show any 
plastic response. Our results show that herbivory affects plant phenotypes but more 
importantly that differences in herbivory reaction norms exist between urban and 
rural populations.
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1  | INTRODUC TION
One of the most prominent anthropogenic changes is the rapid ex-
pansion of urbanized areas, a type of ecosystem that vastly differs 
from natural ones in terms of environmental conditions and landscape 
structure. Urban environments are characterized by higher tempera-
tures (urban heat island) and increased levels of light, sound, and 
chemical pollution. Furthermore, green spaces are rare, more enclosed 
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by urban infrastructure, and frequently disturbed by human activity 
(Parris, 2016; Pickett et al., 2001). Urbanization subjects organisms 
to new selection pressures and is therefore anticipated to impose 
genetic divergence in species traits (Alberti, Marzluff, & Hunt, 2017; 
Johnson & Munshi-South, 2017). As urban landscape composition 
and structure differs from pristine natural areas both at the local scale 
(e.g., local differences in patch quality vs. more homogenous green 
spaces (Cadenasso, Pickett, & Schwarz, 2007)) and at the landscape 
scale (e.g., increased fragmentation due to smaller patches and the 
concrete matrix (Cheptou, Carrue, Rouifed, & Cantarel, 2008; Dubois 
& Cheptou, 2017) such altered selective pressures can be expected 
at multiple spatial scales (Cheptou, Hargreaves, Bonte, & Jacquemyn, 
2017). Qualitative changes in biotic interactions due to altered species 
composition or more quantitative changes in the functional responses 
are also anticipated to impose selection on traits related to species in-
teractions (El-Sabaawi, 2018; Moreira et al., 2019; Start, Bonner, Weis, 
& Gilbert, 2018). Aside from driving intraspecific trait shifts between 
populations along an urbanization gradient, biotic interactions can also 
affect phenotypic expression of traits through plasticity (Agrawal, 
Conner, Johnson, & Wallsgrove, 2002). The reaction norms underlying 
this plasticity may be subjected to selection as well (GxE interactions) 
(Via & Lande, 1985), thereby facilitating adaptation to urbanization.
Urbanization affects insect species richness and size (Merckx et al., 
2018; Piano et al., 2017) and consequently herbivore pressure, but its 
direction and strength varies among species and locations (Raupp, 
Shrewsbury, & Herms, 2010). Previous work has found that plants 
are known to react to herbivory through the induction of defenses 
(Agrawal & Karban, 1999; Karban, 2011; Poelman, Broekgaarden, 
Loon, & Dicke, 2008), increased seed dispersal (Bonte et al., 2012; de 
la Pena & Bonte, 2014), and shifting flowering phenology (Agrawal, 
Strauss, & Stout, 1999; Rusman, Poelman, Nowrin, Polder, & Lucas-
Barbosa, 2019). The induction of defenses by spines or toxins, or the 
developmental of tolerance is energetically costly and is expected 
to trade-off with vital traits as seed production and/or seed mass 
(Agrawal et al., 1999; Stearns, 1989). Escape strategies by changing 
growth or seed dispersal morphology (Bonte et al., 2012; Johnson 
et al., 2019; de la Pena & Bonte, 2014) can equally levy costs and lead 
to trade-offs with other life-history traits. These plastic responses can 
be expressed during ontogeny, or among generations through mater-
nal effects, and may be subjected to selection as well (Saastamoinen 
et al., 2018). Given that herbivore pressure can differ along urban–
rural gradients, it can be assumed that induction of defensive re-
sponses can shift following urbanization (e.g., Moreira et al. (2019)). 
Other plant life-history traits have also been found to differ between 
urban and rural areas. Increased levels of fragmentation in urban areas 
may select for reduced dispersal capacities through for instance de-
creased investments in dispersal structures (i.e., wings, pappus length), 
as long-distance dispersal in fragmented areas can have a higher cost 
due to increased mortality rates when seeds land in hostile landscape 
patches (Bonte et al., 2012; Cheptou et al., 2017; Jacquemyn, Meester, 
Jongejans, & Honnay, 2012). Such intraspecific differences in dispersal 
capacities following fragmentation in urban areas have been described 
(Cheptou et al., 2008; Riba et al., 2009), yet the strength of selection 
will depend on several factors (Cheptou et al., 2017). Differences in 
plant phenology between rural and urban areas have been observed 
under common garden conditions, yet drivers of these changes have 
not been identified so far (Yakub & Tiffin, 2017).
When both selection and plasticity act jointly, they do not always 
shape trait changes in the same direction. Gorton, Moeller David, 
and Tiffin (2018), for example, observed counter-gradient variation 
between the genetic base and plastic responses driven by environ-
mental conditions in plants in urban areas, suggesting opposite di-
rections between adaptation and plastic responses to environmental 
variation. These results highlight the importance to assess how plas-
ticity in response to stress and genetic selection in response to ur-
banization affect trait expression.
Here, we engaged in such a study using the common dandelion 
Taraxacum officinale as a model species. The species reproduces 
apomictic in Belgium, and all seeds are therefore clonal variants of 
the mother. We assessed (a) whether clonal variation exists in plant 
defense, dispersal capacity, and flowering phenology along an ur-
banization gradient and (b) whether or not reaction norms for these 
traits vary in relation to urbanization at different spatial scales.
We reared T. officinale collected along an urbanization gradient 
from seeds of single mothers in a common garden experiment to 
eliminate all direct environmental differences in trait expression. We 
used a hierarchical sample design with different levels of local ur-
banization nested within different levels of urbanization at the land-
scape scale, to account for effects of urbanization at both a local and 
landscape scale. This design allowed us to assess the scale at which 
urbanization would influence our investigated life-history traits and 
whether or not responses differed between different spatial scales. 
We exposed part of the plants to insect herbivory, to investigate 
whether this exposure causes plasticity in a selection of relevant 
life-history traits along an urbanization gradient, and if so, whether 
the reaction norms differ in relation to urbanization.
2  | MATERIAL AND METHODS
2.1 | Study design
Our study was conducted in the northern part of Belgium, one of the 
most urbanized regions in Europe. We used a hierarchically nested 
sampling design where local-scale levels of urbanization (subplots, 
200 m × 200 m) were repeatedly sampled across different landscape-
scale levels of urbanization (plots, 3,000 m × 3,000 m). The level of 
urbanization for each plot and subplot was determined based on the 
percentage of the total area covered with buildings (Rural: 0%–3% 
buildings and at least 20% biologically valuable area, suburban: 5%–
10% buildings, and urban: >15% buildings). We selected three plots 
located in the province of East Flanders for each level of urbanization, 
for a total of nine plots. Within each plot, we selected two rural sub-
plots, one suburban subplot, and two urban subplots, yielding a total 
of 45 locations. Our plots were a subset of the experimental setup 
used in earlier studies which found differences in insect communities 
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along an urbanization gradient (Merckx et al., 2018; Piano et al., 
2017). A full overview of the sampled locations is given in Table S1.
2.2 | Model organisms
2.2.1 | Taraxacum officinale as a model organism
The common dandelion or Taraxacum officinale is a herbaceous per-
ennial plant belonging to the family of the Asteraceae. The species is 
native to Europe and Asia but can be found worldwide in temperate 
climates (Berg, 2007). Taraxacum officinale is a ruderal species, which 
can be commonly found in highly urbanized areas. It is characterized 
by a large taproot, a flower head consisting of multiple small yellow 
flowers and a basal rosette of leaves. Its seeds are wind dispersed, 
and individuals growing in northern Europe are apomictic, meaning 
their seeds are formed without fertilization, resulting in a clonal re-
production through seeds that are genetically identical to the mother 
(Weeda, 1987). Seeds are wind dispersed, being the majority of seeds 
dispersed within 10 m of the mother plant, yet long-distance disper-
sal (LDD) events can exceed 100 m for a small percentage of seeds 
(Tackenberg, Poschlod, & Kahmen, 2003b). We therefore expect 
most seeds to disperse within the close vicinity of the mother plants, 
but events of LDD across the border of our subplots cannot be ex-
cluded completely. By using T. officinale as a model organism, we en-
sured that plants grown in the laboratory had the same genotype 
as the mother plants in the field and represent the same clonal line.
2.2.2 | Schistocerca gregaria as an 
aboveground herbivore
The desert locust Schistocerca gregaria (Orthoptera) is a generalist 
herbivore which feeds on a large array of plants and plant parts, 
causing mechanical damage through chewing. This species was se-
lected as earlier research already showed that this locust is a suit-
able model species for herbivory experiments with dandelion (de 
la Pena & Bonte, 2014). As it is a non-native herbivore to our study 
region, possible influences of coevolution between T. officinale and 
the insect are avoided. Individuals used in the experiment were 
bought from a mass-rearing program, and all had the same age, to 
minimize the effect of individual variation among the locusts. The 
use of these individuals avoids potential effects due to differences 
in the timing of the two exposures, as individuals were directly 
transferred from the mass-rearing conditions to the common garden 
conditions that were identical between the two exposure periods.
2.3 | Seed collection
Seeds were collected in September 2014 in all of our 45 selected 
locations. At each location, we sampled multiple seed heads from 
single mother plants. Seeds from each location were considered as 
distinct clones and are from here on referred to as lines. Seeds were 
put in labeled paper envelops and kept at room temperature until the 
start of the experiments.
2.4 | Common garden experiment
2.4.1 | Raising the experimental plants
At the end of September 2014, seeds from the 45 lines were trans-
ferred to plastic containers filled with wet cotton at the bottom. 
After 2 weeks, seedlings from 44 lines were transplanted to 1-L pots 
filled with potting soil. Seven pots were prepared per sample site, 
each initially containing five seedlings. The pots were then placed 
in a breeding chamber at 23°C under a 16 hr light/8 hr dark photo-
period regime to allow the seedlings to grow for another 2 weeks. 
At the end of October 2014, the largest seedling in each pot was 
selected while the others were removed, leaving seven genetically 
identical plants per line to be used in the experiment, for a total 
of 308 plants. Each seedling was then randomly assigned to either 
the control group (three replicas per line) or the herbivory treat-
ment group (four replicas per line). Plants from both the control and 
herbivory treatment group were put randomly in a growth chamber 
under the same conditions as described above. Plants were watered 
once every week until soil saturation and fertilized two times (at the 
end of November 2014 and December 2014, respectively) with 1 ml 
central park bio fertilizer (NPK 7-3-6). The experiment lasted from 
October 2014 till June 2015. At the end of the experiment, 285 out 
of the initial 308 plants remained for data collection.
2.4.2 | Experimental treatment with locusts
Aboveground grazing by S. gregaria took place in December 2014 
and February 2015. Plants from both the control and herbivory 
treatment were enclosed with a net, and one locust was put on each 
plant from the herbivory treatment, while the nets around the con-
trol plants remained empty. Locusts were allowed to graze ad libitum 
for 2 weeks, after which they were removed. Between the two lo-
cust grazing periods, the nets were removed to prevent interference 
with plant growth and recovery.
2.5 | Trait quantification
2.5.1 | Quantifying herbivore damage as a proxy for 
defensive responses
Upon removal of the locusts, we quantified the severity of the dam-
age to the plants in the herbivory treatment group by assigning each 
plant to 1 of 4 predefined categories (s0 = no damage to any of the 
leaves, s1 = minor damage to at least 1 leaf, s2 = severe damage to at 
least 1 leaf, s3 = complete defoliation of the plant). We also counted 
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the number of leaves showing signs of damage (regardless of how 
severe) and the amount of leaves that remained untouched, to cal-
culate the percentage of leaves that suffered grazing by the locusts.
2.5.2 | Dry aboveground biomass weight
At the end of the experiment, the leaves of all the plants were cut 
from the root and stored into envelops. These were then placed in 
an oven to dry, after which the remaining dry biomass was weighted 
using an Ohaus Galaxy G 110 Digital Balance to measure the above-
ground production of the plants.
2.5.3 | Early reproductive output
We quantified the total reproductive output of each plant over a pe-
riod of 15 weeks and assessed whether or not different seed packag-
ing strategies (size–number trade-offs) existed among our populations. 
Collection of seed heads started as soon as the first head was formed 
among all the flowers. Seed heads were checked daily to ensure new 
heads were collected before losing any seeds. Collected seed heads 
were kept in separate labeled paper envelops at room temperature. 
After 15 weeks, each seed head was weighed and the number of 
seeds counted. For each plant, we determined the total seed weight, 
the total number of seed heads, and the average number of seeds 
per seed head. We assessed the effect of urbanization and herbivore 
treatment on all measured traits. Plants that did not form any flowers 
during the 15-week period were excluded from the analyses.
2.5.4 | Seed morphology
For low growing plants such as T. officinale, altering the seed ter-
minal velocity is one of the most effective strategies to change the 
dispersal capacity (Tackenberg, Poschlod, & Bonn, 2003a), as this 
determines the chance to get uplifted by wind. Changing seed ter-
minal velocity can be achieved by modifying the ratio of the pappus 
area and seed weight. Consequently, we measured pappus length, 
total propagule length, and seed size to assess potential differences 
in seed morphology related to dispersal distance. For each plant that 
flowered in the common garden, we selected five seeds at random 
to investigate seed morphology. All seeds were scanned using a 
Canoscan Lide 100 scanner, and images were analyzed using ImageJ. 
Total propagule length was calculated as the sum of seed length and 
beak length. Seed size was calculated using the length and width of 
the seed assuming that the seeds are cylindrical in shape.
2.6 | Statistical analyses
Results were analyzed using either linear mixed models (LMM) 
or generalized linear mixed models (GLMM), depending on the 
investigated trait (LMM for normal error structure, GLMM for bino-
mial, multinomial, or Poisson error structure). We used a full facto-
rial model which included the fixed factors “Treatment” (herbivores 
absent or present), “Plot” (landscape level urbanization: urban, sub-
urban, or rural), and “Subplot” (local level urbanization: urban, sub-
urban, or rural), as well as their interactions. For analyzing the data 
on herbivore damage, we also included the fixed factor “Timing” to 
assess the difference between the first and second exposure to lo-
custs. We also included the line of origin as random effect to control 
for common clonal background of the plants.
All analyses were performed using the SAS (9.4) software 
procedures “PROC MIXED” (LMM) and “PROC GLIMMIX” 
(GLMM). The effective degrees of freedom were estimated by the 
Satterthwaite's approximation (Verbeke & Molenberghs, 2009). 
Type III tests of Fixed Effects were performed for backwards model 
selection, starting from the full factorial model. Nonsignificant pa-
rameters were removed until the final model only contained fac-
tors and interactions that were significant (p < .05). When a trait 
was significantly affected by a certain factor, we used a Tukey's 
post hoc HSD test to assess the differences between the respec-
tive groups.
3  | RESULTS
3.1 | Herbivore damage
Urbanization did not affect herbivore damage (severity) at either the 
landscape (F(2, 313) = 0.22, p = .79) or local scale (F(2, 315) = 1.88, p = .15). 
Herbivory timing did have an effect (F(1, 317) = 34.21, p < .0001), and 
in the second exposure, herbivore damage was significantly lower 
than in the first one (Figure 1). The same pattern was found for the 
analysis of the proportion of damaged leaves: urbanization at the 
landscape (F(2, 9.378) = 0.08, p = .92) or local (F(2, 136.8) = 0.63, p = .54) 
scale did not affect the percentage of leaves that were grazed 
upon, so urbanization had no effect. Again, timing (F(1, 313) = 307.15, 
F I G U R E  1   Quantification of herbivore damage. Proportion 
of the experimental plants exposed to herbivores assigned to 
each category (s0: no damage to any leaf, s1: minor damage to at 
least one leaf, s2: severe damage to at least one leaf, s3: complete 
defoliation of the plant) after the first (white bars, total plants: 161) 
and second (black bars, total plants: 158) exposure to Schistocerca 
gregaria
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p < .0001) did have a significant effect, as the percentage of leaves 
damaged in the second exposure was significantly lower than in the 
first one (Figure 2). None of the interactions between the three fac-
tors were significant (p > .05) (Table S2).
3.2 | Dry aboveground biomass weight
Dry aboveground biomass production was not significantly affected 
by urbanization on the landscape (F(2, 17.4) = 0.06, p = .95) nor the 
local scale (F(2, 20.5) = 1.01, p = .38). We could neither detect a sta-
tistical significant effect of herbivory (F(1, 257) = 0.04, p = .84) or any 
interaction between the factors (p > .05) (Figure 3, Table S3).
3.3 | Plant reproduction
Over the course of 15 weeks, 118 of the 292 plants (40.41%) flow-
ered (i.e., yielded at least one flower with seeds). Flowering of plants 
occurred randomly and was not influenced by the urbanization 
level or the treatment (Plot: F(2, 5.343) = 0.39, p = .6934, Subplot: F(2, 
10.68) = 2.34, p = .1440, Treatment: F(1, 290) = 3.01, p = .0837). Looking 
at the total seed weight per plant, we found a significant interac-
tion between herbivory treatment and urbanization at the landscape 
scale (F(2, 98.9) = 6.38, p = .0025). The same significant interaction 
was found for the number of seed heads per plant (F(2, 112) = 6.77, 
p = .0017). A full overview of the two analyses is given in the sup-
porting information (Table S4). Total seed weight and the number of 
seed heads per plant were both higher in the control group compared 
to the herbivory group in urban areas, while populations originating 
from rural or suburban areas did not show this pattern (Figure 4a,b; 
see also Table S5). The number of seeds per seed head did not dif-
fer along the urbanization gradient nor was it affected by herbivore 
grazing (Figure 4c, Table S4).
3.4 | Seed morphology
Seed size and total propagule length were both unaffected by the 
herbivore treatment (Table 1). Plants from the herbivory treat-
ment developed longer pappus hairs compared to the control 
plants (Treatment: 0.607 ± 0.01 cm, Control: 0.586 ± 0.01 cm 
(LSMeans ± SE)), independent of the urbanization level (Table 1).
4  | DISCUSSION
We experimentally demonstrated a significant interaction of urbani-
zation and insect herbivory on early seed production in T. officinale. 
This interaction indicates that differences in early seed production 
between the control and herbivory treatments were different for 
plants originating from different levels of urbanization, hence dem-
onstrating clonal and genetic variation in plasticity in response to 
herbivore exposure between rural and urban populations. In con-
trast, herbivore exposure increased dispersal capacity (i.e., longer 
pappus) and herbivore resistance (i.e., reduced damage during a 
second exposure) in all lines equally, while total dry aboveground 
biomass was unaffected by both herbivore exposure or urbanization 
F I G U R E  2   Proportion of leaves per plant damaged by locusts 
presented as least square means and standard error. White bar 
indicates damage suffered during the first grazing period, and black 
bar indicates damage suffered during the second grazing period. 
Bars marked with an asterisk differ significantly according to 
Tukey's post hoc test (p ≤ .05). Average number of leaves per plant 
right before the first and second exposure was 8.44 ± 1.71 and 
11.41 ± 3.97 (Mean ± SD), respectively
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F I G U R E  3   Least square means and 
standard error for the dry aboveground 
biomass per urbanization level at the 
landscape scale. White bars indicate 
values for the control group; black 
bars indicate values for the herbivore 
treatment group. White bars marked with 
an asterisk differ significantly from the 
black bars within the same urbanization 
level according to Tukey's post hoc test 
(p ≤ .05)
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level. All differences observed along an urbanization gradient were 
found at the landscape-scale level. Despite the fact that the majority 
of seeds in T. officinale are expected to disperse close to the mother 
plant, we could not completely exclude the possibility of LDD events 
between subplots given their spatial scale (200 m × 200 m areas). 
This could potentially facilitate gene flow between subplots and re-
duce genetic differentiation. As such, our local urbanization scale 
might be considered as an area in which dispersal between subplots 
is frequent enough to prevent differentiation in traits (Richardson, 
Urban, Bolnick, & Skelly, 2014). A second possibility is that drivers 
at the local scale are not prominent enough to drive genetic differ-
entiation. Regardless of the underlying mechanism, we found no dif-
ferences at the local scale, and from here on in the discussion, all 
comparisons between plants from different urbanization levels will 
refer to differences at the landscape scale.
We assessed the impact of herbivory by measuring the damage 
suffered during two separate exposures to herbivorous locusts and 
found a significant difference in the damage suffered by plants be-
tween the two herbivore exposures. For all lines, plants suffered 
significantly less damage during the second exposure, indicating a 
common underlying mechanism of induced resistance. We found no 
differences in damage severity among plants from different popula-
tions along an urbanization gradient, which implies that investment 
in defensive traits did not differ between different levels of urban-
ization. Aboveground plant biomass did also not differ significantly 
between populations along an urbanization gradient. As such, no 
F I G U R E  4   Least square means and 
standard error of (a) Total seed weight per 
plant (g), (b) Number of flowers per plant, 
and (c) Number of seeds per flower per 
urbanization level at the landscape scale. 
White bars indicate values for the control 
group; black bars indicate values for the 
herbivore treatment group. White bars 
marked with an asterisk differ significantly 
from the black bars within the same 
urbanization level according to Tukey's 
post hoc test (p ≤ .05)
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differences in plastic responses were observed for plant defense and 
tolerance-related traits between lines. As other plants have shown 
shifts in trait expression following herbivore exposure along an ur-
banization gradient (Moreira et al., 2019), this result goes against our 
expectations. However, we should note that we exposed our plants 
only to a generalist aboveground herbivore species, which induces 
damage through chewing. Other herbivores such as seed predators 
(Honek & Martinkova, 2005) and root predators (Huber et al., 2016) 
are known for T. officinale and can also induce defensive responses 
(de la Pena & Bonte, 2014). Therefore, it is possible that evolutionary 
trade-offs between constitutive and induced responses against dif-
ferent types of herbivores which were not tested here could explain 
variation among studies and systems (Kempel, Schädler, Chrobock, 
Fischer, & Kleunen, 2011).
Lines from urban areas showed an increased early reproductive 
output (i.e., higher total seed mass) in absence of herbivory rela-
tive to those exposed to herbivores. The same pattern was found 
for the total number of seed heads produced, while the number of 
seeds per seed head and seed size was unaffected by either the 
herbivore treatment or urbanization level. This indicates that dif-
ferences in total seed weight production were solely caused by the 
difference in number of seed heads that were formed. As we mea-
sured seed production during a 15-week period in the early stage 
of reproduction, which is only a part of the total reproductive win-
dow for this species, these results imply that urban individuals of 
T. officinale allocate more resources to reproductive output in the 
early stage of reproduction in the absence of insect herbivores. 
However, no such patterns were found for dandelions originating 
from rural and suburban environments. Rural and suburban lines 
showed no difference in early reproductive output between plants 
exposed to locusts and the control group, indicating an absence 
of phenotypic plasticity in response to herbivore exposure. These 
results imply that the shape of reaction norms driven by biotic in-
teractions can shift in response to urbanization. Shifts in reaction 
norms driven by abiotic conditions following urbanization have 
been described for fungi (McLean, Angilletta, & Williams, 2005), 
yet our study is the first to observe such patterns in plants under 
controlled conditions.
Dispersal-related seed traits were significantly affected by the 
exposure to locusts. Seeds from plants exposed to locusts had a 
longer pappus length compared to those from the control group. 
Since seed size and propagule length did not differ between the 
treatment and control group, this would result in an increased pap-
pus area relative to the seed size. This shift is expected to decrease 
the seed's terminal velocity and therefore increases the potential 
dispersal distance (Matlack, 1987). However, it remains hard to as-
sess how big the impact on dispersal distance of these changes is. 
Due to the relatively small changes, the average dispersal distance 
will probably not be altered dramatically. However, as shown by 
Tackenberg, Poschlod, and Kahmen (2003), long-distance disper-
sal (LDD) in T. officinale highly depends on strong updrafts. When 
these rare events that facilitate LDD occur, a decreased terminal 
velocity caused by a larger pappus area: seed weight ratio may fur-
ther facilitate LDD and increase the chance for successful LDD. 
These findings are in line with the results of de la Pena and Bonte 
(2014) and confirm in a second set of experiments that a plastic 
response to increase dispersal distance in response to herbivory is 
present in T. officinale. As already shown in many other systems, 
stressful conditions experienced by the mother plant can result in 
an increased dispersive capacity of the seeds as a way to maximize 
fitness. Seeds that germinate further away from the mother plant 
are less prone to get predated by the herbivores experienced by 
the mother plant, increasing their chances to survive (Bonte et al., 
2012; Nathan & Casagrandi, 2004). Similar to the defense and tol-
erance traits, this plastic response was also conserved across the 
urbanization gradient.
While we did not address experimentally the exact mecha-
nisms through which urbanization has selected for shifts in the in-
vestigated traits, our results clearly show that changes in reaction 
norms exist along an urbanization gradient in the presence–absence 
of large herbivorous insects, yet responses seem to vary between 
plant traits. Plants from urban areas invested more in early flower-
ing in the absence of herbivores, which might indicate a cost from 
herbivore damage. One potential explanation is a trade-off with 
plant growth, where resources had to be allocated to restore the lost 
biomass, as aboveground biomass did not vary between damaged 
TA B L E  1   Results of the Type III tests of Fixed Effects used for backwards model selection of the linear mixed models, testing the effect 
of plot, subplot, and treatment on (1) pappus length, (2) total propagule length, and (3) seed size
 
Pappus length
LMM
Propagule length
LMM
Seed size
LMM
F p F p F p
Plot F(2, 12.8) = 1.13 .3543 F(2, 566) = 1.12 .3264 F(2, 4.23) = 0.48 .6503
Subplot F(2, 12.9) = 0.06 .9414 F(2, 108) = 0.34 .7104 F(2, 87.1) = 0.98 .3784
Treatment F(1, 95.8) = 4.55 .0354 F(1, 568) = 1.57 .2106 F(1, 106) = 0.39 .5335
Plot*Subplot F(4, 10.3) = 0.58 .6815 F(4, 100) = 0.43 .7883 F(4, 96.6) = 0.29 .8846
Plot*Treatment F(2, 93) = 0.48 .6196 F(2, 562) = 1.57 .2102 F(2, 104) = 1.56 .2140
Subplot*Treatment F(2, 94.2) = 0.26 .7688 F(2, 104) = 0.58 .5623 F(2, 102) = 1.02 .3632
Plot*Subplot*Treatment F(3, 88.6) = 0.86 .4635 F(3, 97) = 0.79 .5026 F(3, 94.4) = 0.01 .9986
Values printed in bold indicate factors with a significant effect at the .05 significance level.
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and undamaged plants (Agrawal et al., 1999). Regardless of the un-
derlying mechanism, this plastic response in early seed production 
was absent in semi-urban and rural populations. As T. officinale is 
apomictic in Belgium, we would expect that the observed changes 
either originated from the standing genetic variation in populations 
or through changes in DNA methylation affecting trait expres-
sion, as stress-induced methylation in T. officinale can be triggered 
and passed on to the offspring, allowing for rapid changes in plant 
trait expression despite offspring being genetically identical to the 
mother plant (Verhoeven, Jansen, Dijk, and Biere (2010)).
In summary, our common garden study shows that variation of 
reaction norms driven by herbivore damage exists along an urban-
ization gradient in T. officinale. However, differences in plasticity 
were trait dependant as some plastic responses were conserved 
along the sampled urbanization gradient.
ACKNOWLEDG MENTS
The authors thank Pieter Vantieghem, Hans Matheve, and Beatriz 
Villar for their assistance during the laboratory experiments. We 
also thank the anonymous reviewers for helpful comments that 
improved the manuscript. EDLP thanks the Spanish Ministerio 
de Economía y Competitividad for a Ramon y Cajal contract RYC-
2012-10254. DB was supported by a research network financed 
by FWO-Flanders—Grant EVENET W0.003.16N. This research 
is part of the SPEEDY project, funded by the Interuniversity 
Attraction Poles program of the Belgian Science Policy Office 
BELSPO (IAP-grant P7/04).
CONFLIC T OF INTERE S T
The authors declare no conflict of interest.
AUTHOR CONTRIBUTIONS
MP: experiments; data analysis; and writing – initial draft. DB and 
EDLP: experiment design; data analysis; and later versions of the 
draft. All authors contributed to the revision of the final draft and 
gave approval for publication.
DATA AVAIL ABILIT Y S TATEMENT
The data shown in this manuscript are deposited in the open data 
bank “DRYAD digital repository” (https://doi.org/10.5061/dryad.
f1vhh mgt2).
ORCID
Matti Pisman  https://orcid.org/0000-0002-2343-5272 
R E FE R E N C E S
Agrawal, A. A., Conner, J. K., Johnson, M. T., & Wallsgrove, R. (2002). 
Ecological genetics of an induced plant defense against herbi-
vores: Additive genetic variance and costs of phenotypic plasticity. 
Evolution, 56, 2206–2213.
Agrawal, A. A., & Karban, R. (1999). Why induced defenses may be fa-
vored over constitutive strategies in plants. In R. Tollrian, & C. D. 
Harvell (Eds.), The ecology and evolution of inducible defenses (pp. 45–
61). Princeton, NJ: Princeton University Press.
Agrawal, A. A., Strauss, S. Y., & Stout, M. J. (1999). Costs of induced re-
sponses and tolerance to herbivory in male and female fitness com-
ponents of wild radish. Evolution, 53, 1093–1104.
Alberti, M., Marzluff, J., & Hunt, V. M. (2017). Urban driven pheno-
typic changes: Empirical observations and theoretical implications 
for eco-evolutionary feedback. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 372. https://doi.org/10.1098/
rstb.2016.0029
Berg, L. R. (2007). Introductory botany: Plants, people, and the environ-
ment. Belmont, CA: Thomson Brooks/Cole.
Bonte, D., Van Dyck, H., Bullock, J. M., Coulon, A., Delgado, M., Gibbs, 
M., … Travis, J. M. J. (2012). Costs of dispersal. Biological Reviews, 87, 
290–312.
Cadenasso, M. L., Pickett, S. T. A., & Schwarz, K. (2007). Spatial hetero-
geneity in urban ecosystems: Reconceptualizing land cover and a 
framework for classification. Frontiers in Ecology and the Environment, 
5, 80–88.
Cheptou, P. O., Carrue, O., Rouifed, S., & Cantarel, A. (2008). Rapid evo-
lution of seed dispersal in an urban environment in the weed Crepis 
sancta. Proceedings of the National Academy of Sciences of the United 
States of America, 105, 3796–3799.
Cheptou, P. O., Hargreaves, A. L., Bonte, D., & Jacquemyn, H. (2017). 
Adaptation to fragmentation: Evolutionary dynamics driven by 
human influences. Philosophical Transactions of the Royal Society B: 
Biological Sciences, 372.
de la Pena, E., & Bonte, D. (2014). Above- and belowground herbivory 
jointly impact defense and seed dispersal traits in Taraxacum offici-
nale. Ecology and Evolution, 4, 3309–3319.
Dubois, J., & Cheptou, P.-O. (2017). Effects of fragmentation on plant 
adaptation to urban environments. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 372. https://doi.org/10.1098/
rstb.2016.0038
El-Sabaawi, R. (2018). Trophic structure in a rapidly urbanizing planet. 
Functional Ecology, 32, 1718–1728.
Gorton, A. J., Moeller David, A., & Tiffin, P. (2018). Little plant, big city: 
A test of adaptation to urban environments in common ragweed 
(Ambrosia artemisiifolia). Proceedings of the Royal Society B: Biological 
Sciences, 285, 20180968.
Honek, A., & Martinkova, Z. (2005). Pre-dispersal predation of Taraxacum 
officinale (Dandelion) seed. Journal of Ecology, 93, 335–344.
Huber, M., Epping, J., Schulze Gronover, C., Fricke, J., Aziz, Z., Brillatz, T., 
… Erb, M. (2016). A latex metabolite benefits plant fitness under root 
herbivore attack. PLOS Biology, 14, e1002332.
Jacquemyn, H., De Meester, L., Jongejans, E., & Honnay, O. (2012). 
Evolutionary changes in plant reproductive traits following habitat 
fragmentation and their consequences for population fitness. Journal 
of Ecology, 100, 76–87.
Johnson, J. S., Cantrell, R. S., Cosner, C., Hartig, F., Hastings, A., Rogers, 
H. S., … Pufal, G. (2019). Rapid changes in seed dispersal traits may 
modify plant responses to global change. AoB PLANTS, 11. https://
doi.org/10.1093/aobpl a/plz020
Johnson, M. T. J., & Munshi-South, J. (2017). Evolution of life in urban en-
vironments. 358.
Karban, R. (2011). The ecology and evolution of induced resistance 
against herbivores. Functional Ecology, 25, 339–347.
Kempel, A., Schädler, M., Chrobock, T., Fischer, M., & van Kleunen, M. 
(2011). Tradeoffs associated with constitutive and induced plant 
resistance against herbivory. Proceedings of the National Academy of 
Sciences, 108, 5685–5689.
Matlack, G. R. (1987). Diaspore size, shape, and fall behavior in wind-dis-
persed plant species. American Journal of Botany, 74, 1150–1160.
McLean, M. A., Angilletta, M. J., & Williams, K. S. (2005). If you can’t 
stand the heat, stay out of the city: Thermal reaction norms of chi-
tinolytic fungi in an urban heat island. Journal of Thermal Biology, 30, 
384–391.
     |  9PISMAN et Al.
Merckx, T., Souffreau, C., Kaiser, A., Baardsen, L. F., Backeljau, T., Bonte, 
D., … Van Dyck, H. (2018). Body-size shifts in aquatic and terrestrial 
urban communities. Nature, 558, 113–116.
Moreira, X., Abdala-Roberts, L., Berny Mier y Teran, J. C., Covelo, F., de 
la Mata, R., Francisco, M., … Tack, A. J. M. (2019). Impacts of urban-
ization on insect herbivory and plant defences in oak trees. Oikos, 
128, 113–123.
Nathan, R. A. N., & Casagrandi, R. (2004). A simple mechanistic model 
of seed dispersal, predation and plant establishment: Janzen-Connell 
and beyond. Journal of Ecology, 92, 733–746.
Parris, K. M. (2016). Ecology of urban environments. Oxford, UK: Wiley 
Blackwell.
Piano, E., De Wolf, K., Bona, F., Bonte, D., Bowler, D. E., Isaia, M., … 
Hendrickx, F. (2017). Urbanization drives community shifts towards 
thermophilic and dispersive species at local and landscape scales. 
Global Change Biology, 7, 2554–2564.
Pickett, S. T., Cadenasso, M. L., Grove, J. M., Nilon, C. H., Pouyat, R. V., 
Zipperer, W. C., & Costanza, R. (2001). Urban ecological systems: 
linking terrestrial ecological, physical, and socioeconomic compo-
nents of metropolitan areas. Annual review of ecology and systematics, 
32(1), 127–157.
Poelman, E. H., Broekgaarden, C., Van Loon, J. J. A., & Dicke, M. (2008). 
Early season herbivore differentially affects plant defence responses 
to subsequently colonizing herbivores and their abundance in the 
field. Molecular Ecology, 17, 3352–3365.
Raupp, M. J., Shrewsbury, P. M., & Herms, D. A. (2010). Ecology of her-
bivorous arthropods in urban landscapes. Annual Review of Entomology, 
55(1), 19–38. https://doi.org/10.1146/annur ev-ento-11240 8-085351.
Riba, M., Mayol, M., Giles, B. E., Ronce, O., Imbert, E., Van Der Velde, M., 
… Olivieri, I. (2009). Darwin's wind hypothesis: Does it work for plant 
dispersal in fragmented habitats? New Phytologist, 183, 667–677.
Richardson, J. L., Urban, M. C., Bolnick, D. I., & Skelly, D. K. (2014). 
Microgeographic adaptation and the spatial scale of evolution. 
Trends in Ecology & Evolution, 29, 165–176.
Rusman, Q., Poelman, E. H., Nowrin, F., Polder, G., & Lucas-Barbosa, D. 
(2019). Floral plasticity: Herbivore-species-specific-induced changes 
in flower traits with contrasting effects on pollinator visitation. Plant, 
Cell and Environment, 42, 1882–1896.
Saastamoinen, M., Bocedi, G., Cote, J., Legrand, D., Guillaume, F., Wheat, 
C. W., … del Mar Delgado, M. (2018). Genetics of dispersal. Biological 
Reviews, 93, 574–599.
Start, D., Bonner, C., Weis, A. E., & Gilbert, B. (2018). Consumer-resource 
interactions along urbanization gradients drive natural selection. 
Evolution, 72, 1863–1873.
Stearns, S. C. (1989). Trade-offs in life-history evolution. Functional 
Ecology, 3, 259–268.
Tackenberg, O., Poschlod, P., & Bonn, S. (2003a). Assessment of wind dis-
persal potential in plant species. Ecological Monographs, 73, 191–205.
Tackenberg, O., Poschlod, P., & Kahmen, S. (2003b). Dandelion seed dis-
persal: the horizontal wind speed does not matter for long-distance 
dispersal - it is updraft!. Plant Biology, 5, 451–454.
Verbeke, G., & Molenberghs, G. (2009). Linear mixed models for longitudi-
nal data. New York, NY: Springer.
Verhoeven, K. J., Jansen, J. J., van Dijk, P. J., & Biere, A. (2010). Stress-
induced DNA methylation changes and their heritability in asexual 
dandelions. New Phytologist, 185, 1108–1118.
Via, S., & Lande, R. (1985). Genotype-environment interaction and the 
evolution of phenotypic plasticity. Evolution, 39, 505–522.
Weeda, E. J. (1987). Nederlandse oecologische flora: IVN.
Yakub, M., & Tiffin, P. (2017). Living in the city: Urban environments 
shape the evolution of a native annual plant. Global Change Biology, 
23, 2082–2089.
SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.
How to cite this article: Pisman M, Bonte D, de la Peña E. 
Urbanization alters plastic responses in the common 
dandelion Taraxacum officinale. Ecol Evol. 2020;00:1–9. 
https://doi.org/10.1002/ece3.6176
